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A  new  spectroscopic  emission  technique,  inductively  coupled  plasma  (ICP)  optical  emission  spectroscopy,  in  conjunction 
with  spark  erosion  or  conductive  solids  nebulisation  (CSN),  was  used  in  obtaining  rapid  elemental  analysis  of  metal  alloys. 

Enthalpies  of  vaporisation  were  shown  not  to  be  the  determining  factor  in  the  amount  of  material  eroded  in  medium- 

voltage  sparks.  The  melting  behavior  of  the  alloys  seems  to  have  a  more  significant  effect  on  the  amount  of  material 
eroded.  Perhaps,  instead  of  direct  vaporisation,  the  mechanism  of  erosion  involves  the  mechanical  sputtering  of  molten  metal 
into  the  aerosol.  However,  in  a  standard  spark  source,  for  which  both  erosion  and  excitation  occur  simultaneously,  the 
sample  eventually  must  be  vaporised  to  give  an  atomic  emission  signal.  While  it  might  be  expected  that  melting  would 
not  play  such  a  significant  role  for  standard  spark  sources  as  the  CSN-ICP  measurements  described  here  would  indicate, 
comparative  measurements  of  iron  emission  signals  from  iron-nickel  and  iron-chromium  alloys,  using  a  standard  spark 
system,  yield  results  similar  to  those  observed  in  this  work:  thg  chromium  alloys  show  much  less  iron  intensity  than  nickel 
alloys  with  the  same  iron  concentration.  The  important  factor  may  be  the  amount  of  material  present  in  the  discharge 
gap,  where  vaporisation  and  excitation  take  place.  The  sputtering  of  material  into  the  gap,  and  thus  a  inciting  behavior, 
would  then  be  important  even  in  a  standard  spark  stand.  Copper-sine  alloy  results  show  that  effects  other  than  melting 
behavior  must  be  important  for  aerosol  generation,  but  the  identity  of  these  effects  could  not  be  determined.  The  results 
of  the  CSN-ICP  stainless  steel  calibration  indicate  that,  even  though  the  causes  of  variation  in  the  amount  of  material 

eroded  are  not  completely  understood,  they  can  be  corrected  by  a  simple  intensity  rslio  and  matrix  dilution  calculation 

procedure  when  linear  curves  are  produced.  The  calibration  yielded  superior  analysis  results  for  the  main  elements  of 
stainless  steels  of  widely  varying  composition.  ^ 
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EXECUTIVE  SUMMARY 


PROBLEM 

Investigate  the  use  of  the  new  spectroscopic  emission  technique,  inductively  coupled 
plasma  (ICP)  optical  emission  spectroscopy,  in  conjunction  with  spark  erosion  of  conductive 
solids  nebuli/ation  (CSS),  in  obtaining  rapid  elemental  analysis  of  metal  alloys. 

RESULTS 

Enthalpies  of  vaporization  were  shown  not  to  be  the  determining  factor  in  the  amount 
of  material  eroded  in  medium-voltage  sparks.  The  melting  behavior  of  the  alloys  seems  to  have 
a  more  significant  effect  on  the  amount  of  material  eroded.  Perhaps,  instead  of  direct 
vaporization,  the  mechanism  of  erosion  involves  the  mechanical  sputtering  of  molten  metal 
into  the  aerosol.  However,  in  a  standard  spark  source,  for  which  both  erosion  and  excitation 
occur  simultaneously,  the  sample  eventually  must  be  vaporized  to  give  an  atomic  emission 
signal.  While  it  might  be  expected  that  melting  would  not  play  such  a  significant  role  for 
standard  spark  sources  as  the  CSN-ICP  measurements  reported  here  would  indicate, 
comparative  measurements  of  iron  emission  signals  from  iron-nickel  and  iron-chromium  alloys, 
using  a  standard  spark  system,  yield  results  similar  to  those  observed  in  this  work:  the 
chromium  alloys  show  much  less  iron  intensity  than  nickel  alloys  with  the  same  iron 
concentration.  The  important  factor  may  be  the  amount  of  material  present  in  the  discharge 
gap,  where  vaporization  and  excitation  take  place.  The  sputtering  of  material  into  the  gap.  and 
thus  the  melting  behavior,  would  then  be  important  even  in  a  standard  spark  stand.  Copper- 
zinc  alloy  results  show  that  effects  other  than  melting  behavior  must  be  important  for  aerosol 
generation,  but  the  identity  of  these  effects  could  not  be  determined.  The  results  of  the  CSN- 
ICP  stainless  steel  calibration  indicate  that,  even  though  the  causes  of  variation  in  the  amount 
of  material  eroded  are  not  completely  understood,  they  can  be  corrected  by  a  simple  intensity 
ratio  and  matrix  dilution  calculation  procedure  when  linear  curves  arc  produced.  1  he 
calibration  yielded  superior  analysis  results  for  the  main  elements  of  stainless  steels  of  widely 
varying  composition. 


RECOMMENDATION 

The  use  of  CSN-ICP  for  the  examination  of  highly  alloyed  materials,  rather  than 
standard  spark  analysis  equipment,  is  recommended. 
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INTRODUCTION 


Spark  emission  analysis  has  been  used  lor  many  years  to  obtain  rapid  elemental 
analysis  of  metal  alloys.  The  general  principles  of  the  technique  are  straightforward.  A 
medium-  to  high-voltage  spark  is  used  to  volati/e.  atomi/e,  and  excite  the  sample  to  emit 
visible  and  ultraviolet  light.  Since  atoms  emit  light  at  discrete  wavelengths  (commonly  called 
“emission  lines")  characteristic  of  the  atomic  species  present,  it  is  possible  to  disperse  the 
wavelengths  with  a  grating  and  detect  light  emitted  by  specific  elements.  If  a  calibration 
relationship  can  be  established  between  the  intensity  of  the  light  at  a  given  wavelength  and  the 
concentration  of  an  element  in  an  alloy  sample,  the  alloy  can  be  analyzed  quantitatively  for 
that  element. 

There  are  a  number  ol  factors  that  affect  the  calibration  behavior  of  an  atomic 
emission  line.  These  include  variation  in  sample  volati/ation,  self-absorbtion  of  emitted 
radiation  by  'cold' atoms  in  the  discharge  plasma,  and  interference  from  coincident  or  adjacent 
atomic  lines  from  other  elements.  Consequently.  calibration  of  spark  instruments  for 
quantitative  analysis  is  an  empirical  process.  Usually,  a  different  set  of  calibration  curves  is 
generated  for  each  alloy  type  to  be  analyzed.  I  his  results  in  considerable  expense  in  operator 
time  and  training,  and  requires  a  large  number  of  different  (and  expensive)  standard  reference 
materials.  The  operator  must  be  vigilant  to  be  sure  that  the  calibration  standards  he  is  using 
match  the  sample  being  analyzed;  otherwise,  inaccurate  analyses  will  result  In  some  cases, 
particularly  for  highly  alloyed  metals  in  which  the  concentrations  of  alloying  elements  can  vary 
widely,  it  is  impossible  to  generate  acceptable  calibrations.  It  is  suspected  that  the  difficulty 
encountered  in  analyzing  highly  alloyed  metals  is  caused  because  changing  the  content  of  the 
alloy  ing  elements  in  a  metal  alloy  drastically  changes  the  amount  of  sample  that  is  volatized. 

Recently,  a  new  spectroscopic  emission  technique,  inductively  coupled  plasma  (ICP) 
optical  emission  spectroscopy  ,  has  become  popular  I  he  K'P  is  generated  in  a  stream  of  argon 
gas  that  is  ionized  by  an  induction  field  set  up  bv  a  coil  surrounding  the  quartz  torch  that 
channels  the  argon  stream.  I  he  sample  is  introduced  up  the  central  axis  of  the  cylindrical  torch 
and  is  excited  to  emit  light  by  the  plasma  Because  the  sample  is  excited  in  the  center  of  the 
plasma,  the  light  source  is  optically  thin  and  produces  very  linear  calibration  curves.  In 
addition,  the  ICP  operates  at  a  temperature  that  is  high  enough  (5000-10000  K)  to  produce 
atoms  of  even  refractory  materials.  Usually,  the  sample  is  introduced  into  the  ICP  as  a  liquid 
solution.  I  his  can  sometimes  be  a  limitation  for  the  analysis  ol  metal  alloys,  since  it  can  be 
difficult  to  completely  dissolve  some  metal  alloys  furthermore,  the  dissolution  step  is  usually 
time-consuming  and  susceptible  to  errors 

In  the  last  tew  years,  a  technique  has  been  developed  to  introduce  metal  samples  to  the 
ICP  in  a  more  convenient  manner.  I  he  method  is  called  spark  erosion  or  conductive  solid 
nebulization  (C'SN).  I  his  method  employ  s  a  spark  source  to  erode  material  from  the  alloy  and 
produce  an  aerosol  that  is  introduced  into  the  plasma.  1  his  avoids  the  sample  dissolution  step 
in  K  P  analysis,  yet  still  allows  the  use  of  the  favorable  properties  id  the  ICP  as  an  emission 
source.  It  is  a  particularly  interesting  method  of  analysis  because  the  generation  of  aerosol  is 
separate  from  the  excitation  process  It  is  thus  possible  to  separate  complicating  effects  in  the 
aerosol  generation  from  those  in  the  excitation 

Since  the  C  SN  is  really  just  a  classical  spark  source  connected  to  a  verv  linear 
elemental  detector,  it  provides  an  excellent  method  to  studv  the  properties  of  sample  erosion 
caused  by  the  spark  source.  I  he  sample  erosion  properties  ol  sevetal  allovs  are  examined  here 
with  CSN-ICP.  An  attempt  is  made  to  correlate,  at  least  qualitatively,  this  erosion  behavior 
with  the  physical  properties  of  the  alloy  Results  from  an  actual  analytical  calibration  using 
C  SN-IC  P  are  given  to  illustrate  a  simple  method  ol  correction  for  variations  in  sample  erosion. 
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EXPERIMENTAL  SETl  P 


SPECTROMETER 


The  spectrometer  used  was  an  Applied  Research  Laboratories  3580.  The  optical 
properties  of  this  instrument  are  described  in  an  earlier  report.^  The  plasma  torch  was  operated 
with  1200  watts  of  incident  power.  Reflected  power  was  less  than  five  watts  when  aqueous 
solutions  were  introduced  w  ith  a  nebulizer  of  the  pneumatic  concentric  type.  When  aerosol 
from  the  CSN  was  introduced  to  the  torch,  the  reflected  power  ran  at  about  15  watts. 

The  CSN  was  also  manufactured  by  Applied  Research  Laboratories.  A  simple 
schematic  of  the  principle  involved  is  shown  in  figure  1.  The  CSN  consists  of  a  spark  source 
and  a  spark  analysis  table.  Argon  gas  passes  through  the  table  and  sweeps  the  aerosol  that  is 
generated  by  spark  activity  through  a  length  of  14-inch  plastic  tubing  into  the  plasma  torch. 
When  the  CSN  is  used,  the  torch  is  connected  to  this  tubing  instead  of  to  the  normal  liquids 
spray  chamber.  Because  no  water  is  introduced  into  the  torch  when  the  CSN  is  used,  the  torch 
temperature  is  slightly  different  from  that  of  normal  liquids  operation,  and  no  OH  molecular 
emission  bands  are  present  in  the  spectrum. 
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Figure  1 .  Schematic  of  the  sampling  arrangement 
for  the  CSN 


When  the  CSN  is  used  for  spectrochemical  analysis,  the  procedure  is  to  first  purge  the 
system  lor  5  seconds  with  a  12  f  min  flow  of  argon.  The  sample  is  then  presparked  for 
20  seconds  with  the  argon  flow  reduced  to  5/  min.  Finally .  the  source  conditions  are  changed 
and  the  argon  flow  reduced  again  to  !i  mm  while  signals  are  integrated  A  rough  schematic  of 
the  sparking  circuit  is  shown  in  figure  2.  The  capacitor  C  is  charged  to  a  preset  voltage  bv  the 
charging  circuit.  When  the  capacitor  is  fully  charged,  a  high  voltage  (  P-kVi  spark  ionizes  a 
path  to  the  sample  and  the  capacitor  discharges  through  I  and  R  to  attack  the  sample  I  his 
charge  and  discharge  cycle  takes  place  at  120  H/  I  he  capacitor  value  is  fixed  at  10  pf  During 
presparking.  1.  =  20  pH  and  R  is  removed  from  the  circuit  1  he  capacitor  is  charged  to  500  V 
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for  iron,  nickel,  and  copper-base  materials,  and  350  V  for  aluminum.  The  purpose  of 
presparking  is  to  melt  and  homogenize  the  sample  surface  The  conditions  are  thus  chosen  to 
provide  a  high  discharge  current.  During  integration.  I  =  120  /zH.  R  =  2.2  fl.  and  the  capacitor 
is  charged  to  400  V  for  iron,  copper,  and  nickel  bases,  and  350  V  for  aluminum.  I  nder 
integration  conditions,  the  resulting  spark  current  is  essentially  a  semisinusoidal  pulse  of  about 
0.5-ms  duration.  When  the  capacitor  is  charged  to  400  V.  the  peak  current  in  the  pulse  is  about 
60  A.  Because  R  is  larger  than  the  resistance  of  the  samples  (which  are  typically  a  few  tenths  of 
an  ohml.  the  current  provided  during  integration  is  essentially  constant,  and  independent  of  the 
sample.  Consequently,  the  energy  expended  in  the  discharge  gap  remains  relatively  constant. 


(CHARGING !  ~  l- 

CIRCUIT  I  C 


A  N  A  _  Y  "T I C  A  _  — 


Figure  2  Rough  schematic  of  the  CSN  sparking  circuit 


STANDARDS 

(  upper-base  binary  standards  were  obtained  from  H\1  Metals  lechnology  C  enter  ol 
Wantage,  f  ngland.  Chromium-iron  binaries  and  nickel-iron  binaries  were  obtained  from  SKI 
Steel.  Sweden,  and  the  Research  Institute  ol  Siderurgie.  France.  (Iron-cobalt  binaries  were  also 
from  the  Research  Institute  of  Siderurgie  )  Stainless  steel  standards  tor  analvtical  calibration 
were  trom  the  National  Bureau  ol  Standards  and  the  Brammcr  Standard  Company.  Inc..  of 
Houston.  I  exas. 

AEROSOL  COLLECTION 

Aerosol  that  was  generated  by  the  C  SN  was  collected  as  shown  m  figure  3  Dining  the 
purge  and  prespark  cycles,  the  valve  was  set  to  vent  the  aerosol  to  the  room.  During  the 
integration  cycle,  the  valve  was  switched  to  direct  the  aerosol  into  the  filter  assembly  where  the 
aerosol  was  collected  on  the  filters  I  he  tillers  used  were  2^  mm  m  diameter  and  made  ol  glass 
fibers.  I  he  purge  time  was  5  seconds,  the  piesp.uk  2h  seconds,  and  the  integration  time  was 
30  seconds  for  copper-base  materials,  the  v.d'.c  was  solenoid-contiolled  to  switch  when  the 
integration  cycle  started  It  was  found  that  the  solenoid  valve  mterleted  with  the  transler  ol 
ferrous  material,  so  lor  iron-nickel  binaries,  the  solenoid  valve  was  replaced  with  a  hand- 
operated  valve 

for  each  sample  examined,  three  lilteis  woe  i  oilcctcd  Ml  three  (liters  were  put  in  a 
teflon  beaker  and  the  aerosol  was  dissolved  in  .mil  and  taken  to  a  tmul  volume  ol  25.0  ml.  For 
iron-nickel  binaries.  I  ml  ol  concentrated  nitru  and  I  ml  ol  concentrated  phosphoric  acid  was 
used  C  opper-base  materials  were  dissolved  with  2  ml  of  concentrated  nitric  acid.  I  he  solutions 


obtained  were  then  analyzed  bv  using  conventional-liquids  ICP.  To  account  for  impurities 
already  present  in  the  filters,  a  blank  consisting  of  three  clean  filters  was  also  subjected  to  the 
same  procedure  for  each  collection  run. 
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Figure  3  Aerosol  collection  arrangement 

INTENSITY  MEASUREMENTS 

For  intensity  measurements,  the  output  of  the  C'SN  was  connected  to  the  plasma  torch 
After  the  lines  were  purged  with  1 2-?  min  argon  lor  5  seconds,  samples  were  subjected  to  a 
20-s  prespark.  Intensities  were  then  integrated  tor  5  s  bv  using  the  readout  electronics  of  the 
spectrometer.  The  intensities  reported  were  an  average  ot  at  least  three  runs.  Relative  standard 
deviations  for  the  intensity  measurements  were  usuallv  2' ,  or  less.  Table  I  shows  the  emission 
lines  that  were  used  for  intensity  measurements.  The  Fe-27.Y*i6-nm  line  was  used  tor  iron- 
cobalt  binaries  because  of  a  cobalt  interference  on  the  more  commonlv  used  Fe-27 1  44-nm  line 


RESULTS  AND  DISCUSSION 


AEROSOL  COLLECTION 

The  results  of  aerosol  collection  experiments  and  CSN  intensity  measurements  for  a 
set  of  copper-zinc  and  a  set  of  iron-nickel  binary  alloy  standards  are  given  in  table  2.  I  he 
18.4  ppm  of  iron  found  in  the  collection  solution  from  National  Bureau  of  Standards  1265  (an 
electrolytic  iron  standard.  99.9f7  pure  iron)  corresponds  to  a  sample  erosion  rate  of  5  1  /ug  v 
During  normal  liquids  ICP.  a  0.5*7  metal  solution  is  aspirated  at  2.5  mi  min.  Assuming  a 
1*7  sample  nebulization  efficiency  (which  is  typical  for  the  type  of  nebulizer  used),  this  would 
correspond  to  an  injection  rate  of  2.1  ng  s  of  metal  to  the  torch.  Earlier  work'  has  shown  that, 
for  steels,  the  signal  intensities  from  CSN  injection  are  about  five  times  greater  than  those  from 
liquids  injection  of  a  0.5*7  metals  solution.  For  these  results  to  be  consistent,  either  the  liquids 
nebulization  efficiency  is  less  than  1*7  or  some  of  the  increased  intensity  observed  with  the 
CSN  is  the  result  of  increased  torch  temperature.  A  comparison  of  the  intensity  of  argon 
418. 19-nm  and  419  83-nm  emission  lines  with  and  without  liquids  injection  shows  that  the 
intensity  of  the  argon  lines  decreases  by  more  than  a  factor  of  two  when  liquid  is  injected.  I  his 
suggests  that  some  of  the  increase  in  emission  intensity  observed  with  the  CSN  may  well  be  the 
result  of  an  increased  torch  temperature. 
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lable  2.  Aerosol  collection  and  emission  intensity  results 
COPPER-ZINC  ALLOYS 


Intensity 

(mV) 


Cu  found 
(ppm) 


Zn 

*7C u  intensity  Zn  found  CZn  r;Zn 

certified  (mV)  (ppm)  found  certified 


1  e 

intensity  Ee  found 

IRON-NICK  FI 

ALLOYS 

*7 F  e 

n  Ee 

Ni 

intensity 

Ni  found 

*7N'i 

*7  Ni 

(mV)  (ppm) 

found 

certified 

(mV) 

(ppm) 

found 

certified 

1  265 

3756 

18.4 

99.6 

99.99 

10  4 

IMP 

0.40 

0.000 

21 

3840 

19.4 

99.2 

99.38 

19.1 

0,16 

0.80 

0.62 

411 

4025 

19.4 

96.7 

969 

58.2 

0  66 

3.28 

3.10 

0 

• 

2C 

3902 

19.5 

94.7 

94.56 

94  9 

1  09 

5.28 

5.44 

HI 

3871 

19  5 

89.9 

89.6 

1  '6  0 

2.17 

10  0 

10.37 

V 

4  A 

3762 

18  1 

82.4 

81.55 

328 

3  6 

P  6 

18.5 

’w 

5Z 

3732 

18.1 

78.9 

77.99 

4(P 

4  85 

21  1 

22  0 

-J 

871- 

3967 

19.7 

71  5 

69  9 

649 

7.84 

28.5 

30. 1 

jj 

881) 

3353 

16.65 

61.5 

60  0 

866 

10  41 

38  5 

40  0 

6 

i 
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Comparison  of  the  percentage  of  /inc  found  in  the  aerosol  with  the  percentage  certified 
in  the  samples  show  that  for  all  standards  a  higher  percentage  ol  /inc  was  found  in  the  aerosol 
than  was  certified  in  the  samples  While  this  might  he  expected,  since  /inc  is  more  volatile  than 
copper  (the  boiling  point  of  /inc  is  908°C  versus  2547CC  lor  copper),  the  difference  is  quite 
small,  just  larger  than  the  experimental  precision.  In  the  iron-nickel  alloys.  a  higher  percentage 
of  nickel  was  found  in  the  aerosol  at  low  nickel  concentrations,  hut  a  lower  percentage  was 
found  in  the  aerosol  at  high  nickel  concentrations  Again,  the  differences  are  small  Nickel  is 
only  slightly  less  volatile  than  iron  (hoiling  point  ol  2902  C  \ersus  28""  C  tor  iron).  The  fairly 
close  agreement  between  the  composition  o!  the  sample  and  the  composition  ol  the  aerosol  was 
somewhat  unexpected,  particularly  tor  the  copper-/inc  system  Because  of  the  great  difference 
in  boiling  points  of  copper  and  /inc.  more  fractional  distillation  of  /inc  was  expected 

Plots  of  CSN  signal  intensity  versus  the  concentrations  ol  metal  found  in  aerosol 
collections  are  given  in  figures  4.  5.  h.  and  "  Iti  general,  it  was  found  that  the  C'SN  intensity  is 
reasonably  well  correlated  with  the  amount  and  composition  of  the  aerosol  eroded,  figure  8 
shows  a  plot  of  the  “normalized" emission  intensity  of  the  matrix  element  versus  the  total 
amount  of  metal  collected  for  the  iron-nickel  allovs  I  he  normalized  intensity  is  defined  as 
100  times  the  measured  emission  intensity  ol  the  matrix  element  in  the  sample,  divided  by  the 
product  of  the  emission  intcnsiiv  of  a  sample  of  the  pure  matrix  element  and  the  fraction  of  the 
matrix  element  in  the  sample  I  hus  the  normalized  intensity  of  a  pure  iron  sample  is  defined  to 
be  100.  No  evidence  of  any  major  nonlinearity  or  self-absorbtion  of  the  emission  lines  is 
observed.  Thus  the  noirnali/cd  emission  intensity,  as  defined  above,  appears  to  be  a  reasonably 
good  measure  of  the  amount  of  material  eroded  from  the  sample. 
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Figure  4  CSN  emission  intensity  from 
Cu-224-nm  line  versus  copper  content  of 
aerosol  collections  for  some  copper  zinc 
alloys 


Figure  5  CSN  emission  intensity  from 
Zn  330  nm  line  versus  /inc  content  of 
aerosol  collections  for  some  copper  /inc 
allovs 


Figure  6  CSN  emission  intensity  from 
Fe-271  -nm  line  versus  iron  content  of 
aerosol  collections  for  some  iron-nickel 
alloys 


Figure  7  CSN  emission  intensity  from 
Ni-243-nm  line  versus  nickel  content  of 
aerosol  collections  for  some  iron-nickel 
alloys. 
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Figure  8  Normalized  intensity  of 
Fe-271  -nm  line  versus  iron  plus  nickel 
content  of  aerosol  collections  for  some 
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CSN  MEASUREMENTS 

In  addition  to  CSN  intensity  measurements  on  the  copper-/inc  and  iron-nickel  binary 
alloys,  measurements  were  also  made  for  iron-chromium,  iron-cobalt,  and  copper-tin  alloys. 
Figures  9  through  13  give  plots  of  the  normalized  emission  intensity  of  the  matrix  element 
versus  the  alloying  element  concentration.  If  equal  amounts  of  material  were  eroded  from  all 
samples  of  a  given  alloys  type,  all  of  the  plots  in  figures  9  through  13  would  be  horizontal  lines. 
This  is  clearly  not  the  case.  All  of  the  alloy  systems  studied  here  show  significant  variations  of 
the  normalized  emission  intensity  of  the  matrix  element  with  composition. 
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Figure  9  Normalized  intensity  of 
Cu-224-nm  line  versus  zinc  concentration 
for  some  copper-zinc  alloys 
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Figure  10.  Normalized  intensity  of 
Cu-224-nm  line  versus  tin  concentration 
for  some  copper-tin  alloys 
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One  possible  explanation  tor  the  \ariation  ot  the  amount  ot  material  eroded  with 
alloving  is  that  alios  ing  affects  the  enthalpy  ot  sapon/ation  ot  the  sample  It  the  amount  ot 
energs  expended  in  the  spark  gap  is  constant,  then  samples  with  lower  sapori/ation  enthalpies 
would  be  more  easils  eroded.  Vaporization  enthalps  information  as  a  lunction  ot  alios 
composition  is  scarce  in  the  literature  flosses et.  the  sapon/ation  process  tor  an  alios  can  be 
broken  into  elementary  steps 

for  an  alios  containing  metals  \  and  B.  ssith  \  the  mole  1 1  act  ion  ot  B 

Reaction  f  nthalps  term 

A|_xBx(s)  --  ( f  -  x)A(s)  +  \B|s|  -  AHm,v 

(1  -  x)A|s)  +  xB(s)  —  ( I  -  x)A(g)  *  \ Big )  ( I  -  xtAH  (  At  ♦  \AHvapf  Bl 

Al-xBx,s)  ~~  1 1  -  MA(g)  -  xBtgi  -  A  If  m|\  *  1 1  -  xiAHsapt  \i  ‘  xAH%ap(  Bl 

where  AHvap(A)  and  AHV  .tp(  Bl  are  the  sapori/ation  enthalpies  ot  pure  A  and  B.  respectively . 
and  AHmjxis  the  enthalps  ot  mixing  ot  \  and  B  lor  the  giscn  composition  I  he  enthalps  ot 
sapori/ation  ot  the  alios  can  he  broken  into  the  sum  ot  the  sapori/ation  enthalpies  ot  the 
indis idual  elements  (multiplied  by  the  appropriate  mole  traction)  and  the  opposite  ot  the  en¬ 
thalpy  of  mixing.  Values  ot  AHm)X  are  asailablc  lor  most  binary  alloys  at  sonic  temperature" 
and  vaporization  enthalpies  ot  pure  metals  are  well  tabulated  Compared  to  the  sapori/ation 
enthalpies,  which  run  from  30-120  kcal  g-atom  for  the  metals  considered  here,  the  enthalpies 
of  mixing  are  small,  ranging  from  about  -2  to  +2  kcal  g-atom  for  the  metal  alloys  considered 
here.  For  our  purposes,  it  is  thus  not  a  bad  approximation  to  assume  that 

AHsap'a,lo>  A|_xBKf  =  .l  -x)AHxap(A)*  \AHxap(B) 

I  able  3  gises  values  ot  the  sapori/ation  enthalps  calculated  in  this  manner  tor  copper-/inc. 
copper-tin.  iron-nickel,  and  iron-chromium  alloys.  I  he  small  changes  in  sapori/ation  enthalps 
lor  the  copper-tin  system  cannot  account  for  the  large  changes  in  normalized  emission  intensity 
that  are  obsersed  m  figure  10  Furthermore,  the  sapori/ation  enthalpies  ot  the  more  highly 
aliened  copper-zinc  alloys  are  much  smaller  than  the  sapori/ation  enthalps  ol  the  4.5r ",  copper- 
tin  alios,  set  the  copper-tin  alios  shows  nearls  40  7  more  normalized  intensity.  I  here  is  sets 
little  difference  between  the  sapori/ation  enthalpies  ot  the  iron-chromium  and  non-nickel 
alloys  systems  over  any  ot  the  concentration  ranges  studied,  yet  there  are  significant  differences 
in  the  normalized  intensities.  I  hese  results  suggest  that  sapori/ation  enthalpy  is  not  a 
significant  factor  in  determining  the  amount  of  material  eroded  from  samples 

A  more  significant  tactor  in  determining  the  amounts  ol  material  eroded  seems  to  be 
the  melting  point  ot  the  material.  I  his  is  best  illustrated  by  the  iron-chromium  alloy  system 
Iron  melts  at  I53K  (  .  while  chromium  melts  at  1 8*40  (.  F  summation  ot  the  phase  diagram  tor 
this  system"  shows  that,  on  the  additoin  ol  chromium  to  pure  iron,  the  meltmg  temperature 
declines  until  it  reaches  a  minimum  at  22 ri  chromium  (1507  C  ).  then  increases  towards  the 
melting  temperature  of  pure  chromium.  I  summation  ol  figure  I  I  shows  that  the  amount  ol 
sample  eroded  mirrors  this  be  has  ioi  Or.  the  addition  ot  chromium  to  pure  non.  more  material 
is  eroded  until  a  maximum  is  reached  between  10' (  and  20' ,  chromium,  wheicupoti  the 
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amount  etodcd  decreases  Mead. iv  In.  ::..i  'V  ■  :  :  •  ,•  $.t'.i  :  r  •  ■ :  i  nuke-  ".'ten: 

dues  not  mitrot  the  mclting-poim  n  ’  .i  .  ,u  w  ,  t  •  ■  .  .  •  it.  hut  the  cto*' 

teatu res  ot  the  data  indicate  that  mcl' .  >  .g  ‘vli.i  .  ,  ...  . t : ; p-  - : t .i t ; t  "tot.  as  w.  I  >n  tneli : tie  pom 

ot  iron -nickel  mi\tuies  dectca^es  as  n.v  ke  -  ail>.n  .!  t  *  •  >r:.  *  i.l  me  'me  po-t-t  ot  rniu  tot.  to  ,i 

minimum  neat  65'  nickel  *  I  he  n.  •  maii/cit  nt  :  •.  •  cm-.  I'  tum.i-e  si.-wd..v  up  to 

10' ,  nickel  and  then  deciease  slight's  as  in-,  r.u  k.  >nt  '  tiu  t  .  js  d  : .■  a kn  c  ni  !  c  ■  t .  > t . 

cobalt  data  ate  also  gcnctallv  eoitosk;,:  vint:  at.  to  ,o.  .:  n-  >  m.u./cd  i;t.  t:-  tv  with  dec  fas 

ing  melting  point,  although  samples  wetc  as  a  table  tot  tc  a  -  o  met.’  ot.!>.  up  to  w ,  rs.ut 

■> 

I  he  minimum  melting  porn  lot  the  it  on  e  ohait  n  stein  ai\  nt  s  neai  f'<ti'  c  ohalt  - 

I  he  normalized  mtcr.sitv  I  tom  coppci  -  tin  alios  s  .net  cun'  stioiig!\  as  tlu  petccntage  ol 
tin  in  the  sample  is  inctetised  ttiguie  HM  I  he  annum!  ot  sample  et  oded  c  leai  l\  uic  teases  as  the 
melt i r  point  decreases  I  he  d  v  tin  sample  bus  <4  moic  not  niali/ed  mtctisitv  than  the  pun 
eopper  sample  Melting  tor  the  d  v  tin  sampli  begins  at  about  s '0  (  ami  ends  at  about 
MHO  (.  v  hile  pure  copper  melts.it  Ilfs  (  I  losses e  t .  the  sitiution  is  ditteient  lot  coppet -/me 
allo\s  V  /me  is  atlded  to  coppet.  the  noimaii/cd  mteti'ils  itigutc  di  deeteases  slight l\  and 
levels  oi.it  at  about  dll',  ol  t  he  no.  niali/ed  miens, pute  coppet  !  his  is  tine  even  at 
40  ,  /me.  w  here  the  melting  point  It, is  dee  teased  to  about  d.M)  (  <  )bv  mitslv .  there  is  a  taetoi 

othet  than  melting  tcmpciature  that  is  important  lute 

Othet  piopetties  that  max  atiect  the  uiiantits  o!  aeiosol  geneiatcd  are  the  heal 
capacities  anil  theimal  eonduetiv ities  ot  the  samples,  since,  pilot  to  melting  or  \apon/mg.  the 
samples  must  be  heated  in  the  solid  state  I  he  heat  capacities  will  ohviouslv  a! feet  the  late  ot 
heating  I  he  theimal  conductivities  are  important  because  the  rate  ol  heat  conduction  avvav 
(torn  the  point  ot  spark  attack  will  attcct  the  temperature  there  and  thus  attest  the  erosion  rate 
In  addition,  the  tcmperatuie  at  t he  sample  surlacc  close  to  the  sites  ol  spark  attack  ma>  attect 
the  recondensation  rate  ot  the  act  >sol  I  nlortunaielv .  neithet  ot  these  properties  can  explain 
the  dittcrcnc"  it:  s. imp’s  i  iomoii  K  hav  lot  ohscr  ed  between  the  coppet -tin  and  copper -/me 
allov  s 

STAIN!  ISS  SlfH  C  Al  IBRA  IION 

I  igure  14  shows  norm.tii/ed  .nten'ities  as  a  lunetion  ol  the  non  coiiccutiation  lot  a 
number  ot  stainless  steel  standatds  \mong  the  stundatik  wets  teuitiv  maitensitic.  and 
austenitic  tvnes  It  can  be  seen  th.it  t  he  amounts  ol  mulct  i.il  etoded  vatied  consideiuhh  among 
the  standards  In  pattmilat.  ttte  ir.attensitic  and  letntii  steel'  which  contain  ptimatilv 
chromium  as  the  man't  .moving  element  vice  coded  less  than  the  atistenitk  steels,  which 
ustialiv  contain  mote  than  '  t.ickei  as  wel  as  mote  than  I  ?  diionmim  I  his  is  consistent 
with  the  tesults  obtained  lot  binatv  ,nlo\s.  which  indicate  t li.it  nickel  tended  to  metease  the 
amount  ol  sample  eroded  much  mote  than  chromium 

It  would  be  advantageous  to  be  able  to  analv/e  all  stainless  steels  regardless  ot  tvpe 
with  a  single  calibration  program  Not  onlv  would  ptehmmatv  sotting  ot  unknown  samples  be 
avoided,  but  main  specialtv  stee's  that  have  lompositions  :ntet  mediate  between  the  common 
martensitic  and  austenitic  tvpes  could  be  analv/cd  without  special  cahbiations  Howevet.  the 
variabilitv  in  sample  erosion  be  hav  ioi  shown  in  tigute  14  has  pievented  accurate  eahbtations 
over  the  complete  range  ot  stainless  steels  when  usmi;  common  spaik  emission  equipment 


Figure  14  Normalized  intensity  of 
Fe  271  run  line  versus  iron  concentration 
for  some  stainless  steels 

\  common  method  used  in  spark  work  to  account  (or  the  varying  amount  of  material 
volati/ed  liom  dilleteni  samples  is  to  pertorm  what  is  sometimes  called  a  “matrix  dilution” 
culihiation  1 1 .  lot  the  i1'1  element  m  a  sample. 

I,  a,mC|  (| 

whete  lt  is  the  intensity  ot  emission  tor  the  i1*1  element,  m  is  the  amount  ot  material  eroded:  Cj 
is  tin.  concentration  ol  the  element  in  weight  percent;  and  a.  is  a  constant  ot  proportionality; 
and  .1  suitable  element  exists  in  all  samples  tor  use  as  an  internal  standard  (usually  the  matrix 
element)  it  is  possible  to  construct  a  calibration  relationship  ol  relative  intensities  versus 
iclative  concentiatioiis  that  is  independent  ot  m  I  h u s 

St.  J*|  Jo 

where  cn.  a,,  and  l(|  telet  to  the  loncenti  ation.  pi  oportion.ditv  constant,  and  mtensitv  ot  the 
intei  nal  st.iiid.n  d  element  <  )iu  e  calibi  at  ion  i  el.it  ions  like  equation  I  2 1  ate  dev  eloped  tor  each 
element  in  the  sampi.  it  is  possible  to  deteimme  the  absolute  concentrations  m  an  unknown  bv 
determining  the  telatuc  concentiatioiis  thiough  the  use  ot  measured  iclative  intensities  and 
equation  i2i  and  bv  makme  use  ol  the  iclation 


to  suite  lot  C(j  Once  C(j  is  determined,  the  absolute  concentrations  are  determined  simple  by 
multiplvmg  the  relative  concentrations  by  Cq  l  or  this  technique  to  work,  three  conditions  must 
hold.  F  irst.  the  intensity  to  concenttation  dependence  must  be  linear,  as  in  equation  ( 1 ). 

Second,  any  background  intensity  must  either  be  negligible  or  subtracted  out  belorehand. 
Finally.  the  right-hand  side  ol  equation  (.1)  must  account  for  all  of  the  elements  in  the  sample, 
or  at  least  99',  of  the  sample  composition,  if  10  accuracv  is  desired 

When  this  matrix  dilution  method  is  applied  to  the  analysis  of  a  material  such  as 
stainless  steel  with  a  conventional  spark  source,  it  usually  fails,  since  the  calibration  curves  are 
not  linear.  Because  of  the  greater  linearity  ol  calibration  relations  for  the  C’SN-ICP  system,  it 
was  felt  that  a  matrix  dilution  calibration  might  work  for  stainless  steels,  using  the  CSN-K’P. 

F  igures  15  and  lb  show  calibration  plots  tor  nickel  and  chromium  generated  by  using 
the  same  stainless  steel  standards  as  in  figure  14  F  mission  intensities  relative  to  the  F  e-2'l-nm 
line  are  plotted  versus  the  concentration  ol  the  element  divided  bv  the  concentration  ol  iron  in 
the  sample  and  multiplied  bv  100.  I  he  matrix  dilution  corrections  seem  quite  effective  here, 
since,  despite  the  widely  varying  amounts  ol  material  eroded  from  the  different  samples,  the 
calibration  curves  arc  very  linear,  with  scatter  determined  largely  by  the  repeatability  of  the 
emission  intensity  measurements.  It  is  important  that  these  maior  elements  be  determined  with 
good  accuracy,  since  they  make  up  the  largest  part  of  the  sumation  in  equation  5.  Significant 
errors  in  the  concentrations  of  the  maior  elements  would  lead  to  inaccurate  concentrations  lot 
the  rest  of  the  elements  as  well.  Good  linear  calibrations  were  also  obtained  lor  manganese, 
silicon,  copper,  molv  bdenum.  cobalt,  niobium,  and  titanium  I  bus  the  CSN-ICP  can  be  used 
to  analyze  all  ranges  of  stainless  steels  tor  most  of  the  elements  ot  interest  An  important 
element  that  cannot  be  determined  in  the  C’SN-ICPat  the  concentrations  ot  interest  for  most 
stainless  steels  is  carbon.  I  his  is  because  of  a  high  carbon  backgiound  intensity  in  the  ICP 
torch. 
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Figure  15  Calibration  curve  for  nickel  in  Figure  16  Calibration  curve  for  chromium  in 
stainless  steel,  using  CSN-ICP  and  matrix  stainless  steel,  using  CSN-ICP  and  matrix 
dilution-style  calibration  dilution-style  calibration 
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CONCLUSIONS 


The  most  surprising  result  of  this  work  is  that  the  enthalpies  of  vaporization  are  not  the 
determining  factor  in  the  amount  of  material  eroded  in  medium-voltage  sparks.  The  melting 
behavior  of  the  alloys  seems  to  have  a  more  significant  effect  on  the  amount  of  material 
eroded.  Perhaps,  instead  of  direct  vaporization,  the  mechanism  of  erosion  involves  the 
mechanical  sputtering  of  molten  metal  into  the  aerosol.  However,  in  a  standard  spark  source, 
for  which  both  erosion  and  excitation  occur  simultaneously,  the  sample  eventually  must  be 
vaporized  to  give  an  atomic  emission  signal.  While  it  might  be  expected  that  melting  would  not 
play  such  a  significant  role  for  standard  spark  sources  as  the  CSN-ICP  measurements  here 
would  indicate,  comparative  measurements  of  iron  emission  signals  from  iron-nickel  and  iron- 
chromium  alloys,  using  a  standard  spark  system,  yield  results  similar  to  those  observed  in  this 
work:  the  chromium  alloys  show  much  less  iron  intensity  than  nickel  alloys  with  the  same  iron 
concentration c  The  important  factor  may  be  the  amount  of  material  present  in  the  discharge 
gap.  where  vaporization  and  excitation  take  place.  The  sputtering  ol  material  into  the  gap.  and 
thus  the  melting  behavior,  would  then  be  important  even  in  a  standard  spark  stand. 

1  he  copper-zinc  alloy  results  show  that  ellects  other  than  melting  behavior  must  be 
important  for  aerosol  generation,  but  the  identity  ol  these  effects  could  not  He  determined 

I  he  results  of  the  CSN-ICP  stainless  steel  calibration  indicate  that,  even  though  the 
causes  of  variation  in  the  amount  ol  material  eroded  are  not  completely  understood,  they  can 
be  corrected  by  a  simple  intensity  ratio  and  matrix  dilution  calculation  procedure  when  linear 
calibration  curves  are  produced.  I  he  calibration  yielded  superior  analysis  results  for  the  main 
elements  of  stainless  steels  of  widely  vary  ing  composition.  The  use  ot  CSN-ICP.  rather  than 
standard  spark  analysis  equipment,  for  the  examination  ot  highly  alloyed  materials  is 
recommended. 
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